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Description of the Fragile Behavior of Glass Forming Liquids with the Use of

Experimentally Accessible Parameters

Oleg N. Senkov and Daniel B. Miracle
Air Force Research Laboratory, Materials and Manufacturing Directorate, Wright-Patterson
AFB, OH 45433-7817, USA

ABSTRACT

The three-fitting-parameter viscosity equations, i.e. Vogel-Fulcher-Tamman (VFT) and
Avramov’s equations, which are used to describe the temperature dependence of viscosity are
modified into one-fitting parameter equations. Both modified equations contain the glass
transition temperature T4 and fragility index m as material constants, allowing a direct
comparison of the modified equations. Based on analysis of 12 glass-forming liquids, it is
concluded that the modified Avramov’s equation describes the experimental data slightly better
than the modified VFT equation. Experimental data must be collected over a wide temperature
range before the three fitting parameters of the VFT and Avramov equations can be determined
and the equations can be applied. However, the modified equations developed here provide a
convenient method of estimating the temperature dependence of viscosity by using the
experimentally accessible parameters Ty and m, which can be determined by differential
scanning calorimetry measurements conducted in a narrow temperature range near the glass

transition temperature.

INTRODUCTION

The terms “strong” and “fragile” liquids were first introduced two decades ago to describe a non-
Arrhenius temperature dependence of viscosity, 7, or Maxwell relaxation time, z, of supercooled
liquids [1]. Such behavior can be illustrated graphically using a so-called Angell plot, in which
the logarithm of viscosity (or equivalently, the relaxation time) of supercooled liquids is plotted
versus an inverse absolute temperature, T, reduced by the glass transition temperature, Tg, i.e.
log(7) vs. Ty/T (Figure 1). In these coordinates, by the definition of Tg, all glass forming liquids
have the same viscosity 7, = 10" Pa-s at T = T,. With an increase in the temperature above Ty,

liquids with strong directional bonding and high stability of intermediate range order, such as
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silica or germania, show almost a linear, Arrhenius, dependence of log(7) on T4/T over the whole
temperature range above Tq. These liquids are called strong liquids. At the same time, molecular
liquids and many metallic glasses, which lack a strong directional bonding character and
therefore possess a high configurational degeneracy and suffer rapid degradation of intermediate
range order above Ty, show a very rapid decrease in viscosity with an increase in temperature
between Tq and Ty, (Where Tp, is the melting temperature), i.e. in the range of 0.6 < T¢/T <1, and
a weak temperature dependence of 7 above Tp,.. These liquids are called fragile liquids. Examples
of extremely fragile liquids are o-terphenyl, toluene, pure metals and marginal metallic glasses.
Almost all bulk metallic glasses show intermediate fragile behavior [2].

The fragile behavior of supercooled glass forming liquids can generally be described by an
empirical Vogel-Fulcher -Tamman (VFT) equation [1]:

1= 1.0 eXp[A/(T-Tg)] 1)
where 7., is the liquid viscosity at T — oo and is ~10™°** Pa.s for many glass-forming liquids
[3], A is the strength parameter, and Ty, is the VFT temperature, which physical meaning can be

identified from the Adams-Gibbs (AG) theory [4] as the temperature at which the configurational
entropy of the supercooled liquid approaches zero when the liquid behavior is extrapolated

below T,. For all glass-forming liquids, T is much lower than Ty and it can only be obtained by

extrapolation of experimental data obtained at T > T4. Equation (1) predicts that the viscosity of a
super-cooled liquid approaches infinity at a finite temperature T = To; this prediction has been
widely criticized as physically improbable.

The AG theory [4] correlates the temperature dependence of viscosity of supercooled liquids

with the temperature dependence of the liquid configurational entropy, Scont(T):

1(T) = nac eXPID/(TScont(T))] )
where 7nac and D are model parameters. It has recently been shown [5,6] that, at least for three
dimensional (3D) network liquids, Equations (1) and (2) are equivalent, i.e. 7ac = 77, and

D/[TScont(T)] = AI(T-T(). This equivalency leads to the following temperature dependence of
Seconf(T):
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T, T-T
Seonf(T) = —£ —2
conf( ) TT _TO

9

Sconf (Tg) ’ (3)

where Scont(Tg) is the configurational entropy of liquid at Ty,
An alternative fit to viscosity (or relaxation time) data above Tg, with the same number of fitting

parameters (three), is provided by Avramov’s equation [7,8]:

1= 1a exp[B/T] (4)

In Equation (4), n7a, B, and C are the model parameters, which are generally used as fitting

parameters. In accord to the Avramov-Milchev theory [9] B and C are defined as:

C=2C,/(ZR) (5)
and
B = Tin"(Emax/ o) (6)

where CL is the heat capacity of the liquid, which is assumed to be independent of temperature;

Z is the number of “escape” channels (proportional to the average coordination number)
available for each molecule; R is the gas constant; Emax is the maximum activation energy for
viscous flow of the liquid, which can be approximated as a self-diffusion activation energy in a
crystalline counterpart [9]; and o, is the variance of the activation energy distribution function at
the melting temperature T,

Equation (4) predicts that the viscosity of the super-cooled liquid approaches infinity only at the
absolute zero temperature, which is more realistic than the VFT—AG prediction of the infinite

viscous behavior at To. Although 774 in Equation (4) has the same physical meaning as 7. in
Equation (1), i.e. the viscosity at infinitely high temperature, the fitted 74 values are from 2 to 5
orders of magnitude higher than the 7., values for the same glass-forming liquids [8]. The
different values of 7. and 74 for the same glass forming liquid may indicate that they are simply

fitting parameters used to describe the temperature dependence of viscosity in a rather narrow
temperature range. No systematic analysis has yet been conducted regarding which of Equations

(1) or (4) offer a better fit of the temperature dependence of viscosity.
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An approach to quantify liquid fragility defines a fragility index m as the slope of the viscosity

curve (or relaxation time) near the glass transition temperature [10]:

M= dlog,, 77

~afr, 7 ¥

According to this definition, more fragile liquids have higher m values. The m values can be
easily obtained experimentally, for example by differential scanning calorimetry (DSC), and they
are currently available for many metallic and non-metallic glass-forming materials. Although m
describes the viscous behavior of a super-cooled liquid near Tg, it does not provide viscosity
values in a wider temperature range, far from Ty. While both the VFT and Avramov equations
describe the temperature dependence of viscosity in undercooled liquids, their utility is limited
by the fact that experimental data covering a wide range of temperatures must first be collected,
so that the fitting parameters can be determined.

In the present work, Equations (1) and (4) are modified in such a way that the three fitting
parameters in each of these equations are replaced with one fitting parameter and two
experimentally accessible parameters, Tq and m. This allows a direct comparison of these
equations and identification of which of these two equations better describes the experimental
data. This also provides a simple method to estimate the temperature dependence of the
relaxation time or viscosity over a broad temperature range from differential scanning

calorimetry measurements conducted near the glass transition temperature.

ANALYSIS

Modified VFT Equation

Using Equations (1) and (7), the fragility index m can be rewritten as:

m = ATglog(e)/(T4-To)? 8

Assigning T as the temperature at which the viscosity 7(Tg) = 10" Pa s [10], we introduce the

parameter n

n = log[7(75)/ o] =12 — 10g(77c0), (9)
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The three fitting parameters in Equation (1) can be expressed as functions of n, m, and T:

nj. nzTg . _
To=T,|1-—; A= ; log(7) =12 —n. (10)
m mlog(e)

Combining Equations (1) and (10) and taking the logarithm gives:

1o

log(y)=12-n—— 1 (11)

n\T,

- (1_ j

m)T
Assuming that Equation (11) is valid in the range from 0.5 < T¢/T < 1 the parameter n can easily
be determined experimentally by measuring viscosity 7. at a temperature T = 2T,. Indeed,
solving Equation (11) relative to n and assigning 7(2Tg) = 7. gives:
n=Km/(m-K); K=12-logze (12)
where K is the logarithm of the viscosity drop between T = Ty and T = 2T,. The temperature
dependence of viscosity can therefore be identified by measuring Ty, m and K:

1--%
log(y7)=12 - K T (13)

T
1_K_(1_2Kj9
m m)T

Modified Avramov’s Equation

Using a logarithmic version of Equation (4), log(7/7,) = Blog(e)/(T), the fragility index m can

be determined as:

m = BClog(e)/(T,)“ (14)

By introducing a new parameter

p = log[7(Tg)/ 7a] = 12 —l0g(77a), (15)

the parameters 74, B, and C of Equation (4) can be expressed as functions of p, m, and Ty:
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B=Lﬁg)m”’; C = mip; log(7) =12 —p (16)
log(e)

Substituting (16) into Equation (4) and taking the logarithm leads to:

m
P

)
l0g(7) =12 p 1{% an

Application to the Experimental Data

To explore how well Equations (11) and (17) represent experimental data, extensive viscosity
databases for ten oxide liquids listed in Table 1, and two low-molecular weight organic liquids,
o-Terphenyl (OTP) and 1,3-bis (1-naphthyl)-5-(2-naphthyl) benzene (TNB), are used. The
viscosity data for the nine 3D-network oxide liquids (Tables 2 through 10) and the 2D-network
B,0s liquid (Table 11), which covers over 12 orders of magnitude in viscosity, was compiled
from refs. [5,6,11,12,13,14,15,16,17, by Professor P. Richet [18], who kindly provided this data
to us. The viscosity data for the two molecular liquids was compiled from [19,20]. Using this
database, T4 and m have been established for each of these twelve liquids and their values are
given in Table 12. T, was taken as the temperature at which viscosity 7(Tg) = 10 Pa-s; while m
was determined from the tangent, or maximum slope, of log(7) vs T¢/T in the range of 0.95 <
Ty/T < 1. As an example, graphical illustration of the log(7) vs Ty/T behavior for Albite and
Diopside oxide liquids near Ty = 1085K and 994K, respectively, is given in Figure 2. The slopes
of these dependencies near Ty/T = 1 give fragility indexes m = 26.5 for Albite and 58.6 for
Diopside.

With T4 and m values thus determined and treated as materials constants, Equations (11) and (17)
were fit to the experimental viscosity values for all twelve glass-forming liquids by adjusting n
and p, respectively (Table 12). Both equations represent the experimental data for the nine 3D-
network oxide liquids very well (see Figure 3), with the coefficients of determination, R?, higher
than 0.9998. In the case of the 2D-network oxide glass, B,O3, however, the fit of Equation (17)
to the experimental data is better (R?=0.995) than that of Equation (11) (R?=0.972), see Figure
3J. The viscous behavior of two organic liquids, OTP and TNB, is also better described by
Equation (17) than Equation (11), (see Figure 4).
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The fitting parameter n in Equation (11) varies from 14.4 (B,03) to 21.2 (TNB), while the
parameter p in Equation (17) varies from 11.8 (B,O3) to 15.9 (TNB). The parameter p is
systematically smaller than n. A linear relationship between these parameters is shown in Figure
5 and can be described by Equation (18), with the coefficient of determination R? = 0.955:

n=1.5p-3.9. (18)

DISCUSSION

Using two experimentally accessible materials constants— the glass transition temperature T4 and
the fragility index m— we can describe the viscous behavior of supercooled glass-forming liquids
with Equations (11) or (17). Each equation contains only one fitting parameter (n or p) and
describes the experimentally determined temperature dependence of viscosity for three
dimensional network oxide liquids equally well over more than 12 orders of magnitude (in Pa-s).
However, Equation (17) gives a better description of the experimental data for the 2D-network
B,03, as well as for the low-weight molecular liquids OTP and TNB. These equations are more
convenient than previous Equations (1) and (4), which relied upon 3 fitting parameters that were
not accessible experimentally.

The pre-exponential terms 7., and 774 in Equations (1) and (4) have a meaning of viscosity at
infinitely high temperatures, so that they should be equal for the same material. However, as
pointed out in the Introduction, the values of these two parameters are typically very different
from one another. We find (see Figure 5) that n = 12 - log(7.,) is systematically higher than p =
12 - log(7na), indicating that 7., is systematically lower than 7. This difference obviously
signifies that Equations (11) and (17) (or 1 and 4) would describe different viscous behavior at
infinitely high temperatures. Fortunately, the maximum temperature at which liquid viscosity can
be measured cannot exceed the boiling temperature, Tg. Since Ty/Tg is generally ~0.4, and since
both equations work well at 0.4 < To/T < 1, the difference between 7., and 74 should not raise
significant concern. Assuming that Equations (11) and (17) give the same viscosity values at the

melting temperature T, one can obtain n, the calculated value of n, as a function of p:
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1-T, {1— (T, )”

1-T, —rF:]Trg [1—<Trg )FS}

where Ty = To/Tm is the reduced glass transition temperature. Comparison of the n. and the

(19)

n.=p

experimentally determined values n (Table 12) is graphically shown in Figure 6. For all the
liquids studied here, except B,O3; and OTP, the experimentally determined n and calculated n.
values are essentially equal. The B,O3z and OTP liquids are exceptions because viscosity of these

liquids at high temperatures is better described by Equation (17) than Equation (11).

Correlation Between Dynamic and Thermodynamic Behavior of Liquids

VFT approximation

It has recently been shown [5] that VFT Equation (1) and Adams-Gibbs Equation (2) describe
the temperature dependence of viscosity of 3D-network oxide liquids equally well, and that the
temperature dependence of the configurational entropy, Sconf, Of these supercooled liquids is
given by Equation (3). Combining Equations (3) and (10), one can obtain the linear dependence

of Scont ON the fragility index m, which indicates that Scons increases with an increase in the liquid

fragility:
m T T
Sconf(T) = |:F (1_ ?9] + Tg:lsconf (Tg ) : (20)
It is often assumed that
Seont(T) = AS(T) = SI(T) — S°(T), (21)

where S!(T) and S°(T) are, respectively, the entropies of liquid and crystal, and AS(T) is the
excess entropy of liquid. At the melting temperature, AS(Ty,) is equal to the entropy of melting,
ASm = AHn/Ty where AHp, is the melting enthalpy (also called as heat of fusion). If Equation (21)
is valid, then the configurational entropy at T, Scon(Tg), directly relates to the fragility index m

and the reduced glass transition temperature T4 through Equation (22):

m

AS/Scont(Tg) = h - (% - 1jTrg } | 22)
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dAS(T)

while the excess heat capacity of the liquid, AC,(T) = C:)(T) -C(M) =T , IS given by:
_ T
ACyT)=| — 70 19 ag (23)
m-(m-nT, )T

Equation (23) predicts that the excess heat capacity of liquids, which viscosity is described by
the VFT equation [Equation (1) or Equation (11)], is inversely proportional to the absolute
temperature, and the jump in the heat capacity at the glass transition temperature, ACy(Ty), is a
function of m and Tyg:
m-n

ACy(Tg) = —————AS 24

P( 9) m— (m _ n)Trg m ( )
The validity of Equation (24) has recently been verified and a good correlation between
AC,(Tg)/ASr and m has been found for 54 non-polymeric glass-forming liquids [21].
Equation (24) can also be used to determine the parameter n in Equation (11) through the

measurement of the heat capacity jump, ACy(Ty), at the glass transition temperature. Indeed,

simple transformation of this equation gives the following dependence of n on AC,(T):
AC,(Ty)
1-0-71,) 2%

( rg) AS

n=m " (25)
AC (T
1+T AC,(T,)

" AS,

Therefore, all three parameters of Equation (11), i.e. Ty, m and n, can be determined by
differential scanning calorimetry (DSC) conducted at near glass transition temperatures. This
provides a convenient method of estimating the temperature dependence of viscosity of
supercooled liquids by conducting DSC in a rather narrow temperature range near Ty.

Avramov’s approximation

Avramov derived his Equation (4) under the approximation that the heat capacity of a liquid does

not depend on temperature, i.e. C'p = const. Therefore, the entropy S' of a liquid, which viscosity

is described by Avramov’s Equation (4) or modified Equation (17), should follow the

logarithmic temperature dependence:


bilbyme
Text Box


s(T) = s!(Tg) + C|In(T/Ty) (26)
It is necessary to point out that C:) and S' are the total heat capacity and total entropy of a liquid,

respectively, and contain both configurational and vibrational terms, while the AG equation and
its derivatives deal with the configurational terms only. The very good fit of Avramov’s equation
to the experimental viscosity data for ten oxide and two low-weight molecular liquids may
therefore result from a weak or non-existent temperature dependence of their heat capacity
[22,23].

Comparing Equations (5), (6) and (16), the following correlations between thermodynamic and
kinetic parameters are obtained under this approximation:

RZ m
Cl=—"— 27
c 2 (27)
and
E,..loge)( T |° TP

o(7)= Em OO TP [T (28)

p Tg Tg

E.. log(e) . . - T .
where o, = —=———= is the variance of the activation energy distribution function at the glass

p

transition temperature Tq and o 7) is the variance at a temperature T.
Equation (27) predicts a linear dependence of C'p on mand Z. This indicates that the heat

capacity should increase with an increase in the liquid fragility and the average coordination
number of molecules in the corresponding liquid. The heat capacities of eight oxide liquids taken

from [23] and [24], together with parameters m and p determined in the current work, are listed

in Table 13. There is indeed the tendency for C'p to increase with m. However, the straight

dependence will be broken if liquids with similar m have different values of Z. In the Avramov-
Milchev theory [9], the parameter Z has a meaning of the number of directions with minimal
activation energies for a hopping molecule to escape from its current position, and Z is viewed as
roughly proportional to the number of the nearest molecules (i.e. coordination number). Using
Equation (27), the Z values were estimated for the oxide liquids from Table 13, and the estimated

values are given in this table. The largest value of Z is obtained for Albite (Z~12), followed by

10
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Si0; (Z=~10.5) and the smallest value of Z is obtained for Diopside, Ca4214 and Cal244 (Z~5).
There is a tendency for Z to decrease and for CL and m to increase with a decrease in the amount

of SiO; in these oxide liquids. The reason for such behavior has yet to be understood and is out
of the scope of this paper.
Analysis of Equation (28) leads to a conclusion that the fitting parameter p defined in Equation
(17) can actually be considered as a material constant, with a clear physical meaning of a
reciprocal of oy normalized by Epax:

- Enmi 109(®) (29)

O-Q

Unfortunately, no experimental method is currently available to determine oy from experiment.
Its value can, however, be estimated from theoretical analysis of the activation energy
distributions. At the average value of p =~ 13.5 for oxide glasses (see Table 13), oy is estimated to
be about 3.2% of Emax, Which agrees well with the theoretically predicted value of oy = 3.5%Emax
[25]. Equation (28) predicts that with an increase in temperature, o increases faster for liquids
with higher values of m, i.e. wider distributions of the activation energies for viscous flow are
expected for more fragile liquids than for stronger liquids, which agrees with the predictions of

the energy landscape theories [26,27].

CONCLUSIONS

The Vogel-Fulcher-Tamman (VFT) and Avramov’s viscosity equations (1) and (4), which use
three fitting parameters, were modified into one-fitting parameter equations (11) and (17). Both
modified equations contain the glass transition temperature Ty and fragility index m as material
constants. Both equations describe the experimental temperature dependences of viscosity for
three-dimensional network oxide liquids equally well over a viscosity range (in Pa-s) of more
than 12 orders of magnitude. However, in the case of two-dimensional network B,O3 oxide
glass, as well as low-weight molecular liquids o-Terphenyl and 1,3-bis (1-naphthyl)-5-(2-
naphthyl) benzene, the one-fitting parameter Equation (17) based on Avramov’s viscosity model
describes the experimental data slightly better than Equation (11) based on the VFT equation.
Correlations between dynamic and thermodynamic behavior of liquids, which viscous behavior
is described by Equations (11) and (17), were established. It was shown that the configurational

11
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entropy of supercooled liquid, Sconf, is linearly dependent on the fragility index m, while the jump
in the heat capacity at the glass transition temperature, ACy(Ty), is @ complex function of m and

the reduced glass transition temperature, T,q. The analysis allowed three fitting parameters 7., T

and A of the VFT equation (Equation 1) to be replaced with three material constants Ty, m and
AC,(Tg), which can be easily determined by DSC conducted in a narrow temperature range near

Tg. The analysis also allowed three fitting parameters 74, B and C of Avramov’s equation

E e 10g(€)

Og

(Equation 4) to be replaced with the material constants Tq, mand p = . However, in

the latter case, p cannot be determined directly from an independent experiment; therefore, it still

should be considered as a fitting parameter.
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FIGURE CAPTIONS

Figure 1. The temperature dependence of viscosity of several glass-forming liquids analyzed in

this paper.

Figure 2. The temperature dependence of viscosity for (o) Albite and (@) Diopside at Tg = 1085K
and 994K, respectively. The solid and dashed lines are tangents to the experimental curves near
T4/T = 1, which give the fragility index values m = 26.5 and 58.6, respectively.

Figure 3. Temperature dependences of the experimental (o) and calculated (+, x) viscosity
values for different oxides: (a) GeO,, (b) SiO,, (c) Albite, (d) Anorthite, (e) Diopside, (f) NS4,
(g) Car611, (h) Cad214, (i) Cal244, and (j) B,Os. Calculations were conducted using

Eg. 11 (+) and Eq. 17 (x) with the fitting parameters n and p, given in the figures.

Figure 4. Temperature dependences of the experimental (©) and calculated (+, x) viscosity
values for two low-weight molecular liquids: (a) o-Terphenyl (OTP) and (b) 1,3-bis (1-
naphthyl)-5-(2-naphthyl) benzene (TNB). Calculations were conducted using Eq. 11 (+) and

Eq. 17 (x) with the fitting parameters n and p and the coefficient of determination R® given in the

figures.

Figure 5. Linear correlation between the fitting parameters n (Eq. 11) and p (Eg. 17). The

coefficient of determination of the linear fit, R? = 0.955.

Figure 6. Comparison of calculated (n;, Equation 19) and experimentally determined (n, Table
12) fitting parameter n for 12 glass-forming liquids.

13
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Table 1. Composition (in mole fractions) of oxide glasses.

Oxides SiO, GeO; Al;04 CaOo MgO Na,O B,03
SiO; 1.00 - - - - - -
GeO, - 1.00 - - - - -
Albite 0.75 0.125 - - 0.125 -
Anorthite 0.50 0.25 0.25 - - -
Diopside 0.50 - - 0.25 0.25 - -
NS4 0.80 - - - - 0.20 -
Ca7611 0.77 - 0.12 0.11 - - -
Ca4214 0.43 - 0.14 0.43 - - -
Cal244 0.12 - 0.44 0.44 - - -
B20s - - - - - - 1.00

Table 2. Viscosity (n, in Pa-s) of B,O3; measured at different temperatures [11,12].

T, (K)

533.2
533.8
538.4
543.9
547.0
549.9
552.7
553.5
556.0
563.2
565.2
572.2
583.0
583.3
591.5
593.7
602.9
611.2
624.0
632.3
634.0

log(n)

13.025
13.04
12.589
12.269
12.086
11.897
11.792
11.719
11.484
11.106
10.937
10.483
9.810
9.744
9.138
9.209
8.616
8.165
7.539
7.217
7.202

T, (K)

643.5
648.9
651.5
662.5
672
679.2
683.8
694.0
695.6
705.4
717.7
721.0
730
730.2
739.5
741.2
746.0
748.5
750.2
753.3
757.7

log(n)

6.783
6.637
6.47
6.048
5.805
5.542
5.473
5.153
5.134
4.867
4.604
4.533
4.354
4.385
4191
4.164
4.100
4.023
4.007
3.948
3.911

T, (K)

760.2
763
767.7
774
778.2
782
798.2
829.4
843
857.6
879
889.2
895.6
934.2
973.2
974
1009
1032
1044
1073
1078
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log(n)

3.819
3.8
3.742
3.673
3.594
3.537
3.29
2.898
2.853
2.676
2.525
2.439
2.391
2.174
1.9006
1.962
1.799
1.707
1.665
1.568
1.544

T, (K)

1125
1135
1164
1173
1181
1226
1273
1281
1288
1314
1367
1370
1373
1407
1414
1473
1474
1564
1573
1673
1677

log(n)

1.397
1.352
1.286
1.2922
1.226
1.112
1.0598
0.992
0.956
0.909
0.797
0.781
0.8612
0.721
0.703
0.6896
0.593
0.463
0.5398
0.4079
0.313
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Table 3. Viscosity (n, in Pa-s) of GeO, measured at different temperatures [13].
T,(K) log(n) T.(K) log(n) T,(K) logn) T,(K) log(n)

754.4 13.6149 8442 113305 973.2 8.8016 14415 4.2124
7629 13.382 849.1 11.2454 978.1 8.7091 14446 4.1429
765.2 13.169 850.5 11.1702 978.1 8.7338 1460.3 4.076
766 13.152 8524 11.167 978.1 8.6691 1474.2 3.8823
775 13.167 857.6 11.0128 983.1 8.6313 14974 3.8602
781 129951 868 10.939 9831 8.6009 1501.9 3.7855
7843 12.854 8716 10.683 983.1 8521 1508.8 3.7725
7915 12.681 883.2 10.4424 988.2 8561 1527.9 3.6244
793.2 124901 884.1 10.3598 993.1 8.4581 1556.3 3.4902
798.1 12.6442 888.1 10.2765 993.1 8.4424 1556.7 3.4815
803.1 12.408 893.2 10.143 998.2 8.3543 15579 3.4363
803.1 12437 8942 10.1905 1003.1 8.3074 1587.2 3.2613
804.4 12323 898.1 10.0043 1008.1 8.2744 1608.7 3.1708
808.6 12.2277 903.1 9.8808 1013.1 8.1875 1614.7 3.138
813.1 12.1674 906.6 9.996 1018.1 8.1106 16159 3.098
814 12,113 908.1 9.7853 1022.8 8.0455 1646.9 2.9317
816.2 12.1461 909.1 9.8899 1028.1 8.0042 1647.8 2.9534
816.7 12.0756 913.2 9.6928 1227.2 5.6447 1677.8 2.7766
818.1 12.0128 918.1  9.589 12495 54914 1678.6 2.7723
819.9 12.0827 919.7 9.6902 1256.8 5.4184 1681.6 2.7536
822.2 12.0293 923.1 9.4956 1262.1 54167 1685.1 2.7141
823.1 11.8638 9274 9549 12823 5.2465 1700.9 2.6485
823.4 11995 933.1 94183 1287.2 52061 1727.1 2.5026
8243 11887 938.1 93579 1321.7 49976 1727.4 2.5065
825.2 11.7974 943.1 9.2854 1323.5 49594 1730.6 2.4887
828.2 11.7218 948.1 9.1846 13443 4.8217 17765 2.2585
833.2 115911 9496 9.1903 1360.2 4.7014 17819 2.2246
833.8 11.685 953.2 9.09 1383.7 45855 1787.2 2.2081
8357 11574 958.1  9.017 13914 4.4969

838.2 115264 963.1 8933 1403.8 4.4313

839.3 11475 968.1 8.8602 1419.3 4.3097
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Table 4. Viscosity (n, in Pa-s) of SiO, measured at different temperatures [14,15].
T,(K) logn) T,(K) logm) T.(K) log(m) T,(K) log(n)

12731 15.729 1666 8.88 2211.3 4897 23857 4.034
1333 14475 1673.1 8.728 22342 4797 2386.6 4.022
1373.1 13,549 17112 8485 22371 4789 23914  3.99
1428 12,61 18816 7.082 2252.3 4.668 2426.8 3.884
1473 11.73 18976 6.949 22724 4679 24347 3.816
1538 10.745 19252 6.787 22844 4593 2436.2  3.803
1573.1 10.179 2049.2 5901 2289.3 4.56 2446.7  3.773
1574 9.998 2073 5.76 2309.5 4481 24606 3.726
1575.9  9.964 2096 5.669 23125 4.453 2510.9 3.45
15769 9.956 2097.1 5568 23145 4361 2541.2 3.365
1579.2 9.949 21422 5362 23206 4334 2655.1 2.924
1648.2 8.971 21472 5327 23342 4246 26764 2.752
1666 8.88 2173.2 5141 23626 4228 2755.1 2.526

Table 5. Viscosity (n, in Pa-s) of Albite (NaAISizOg) measured at different temperatures [5,14].
T,(K) logm) T,(K) logm) T,(K) log(n) T,(K) log(n)

996.9 1448 11553 1045 1448.2 6.06 1612.2 474
10174 13.88 11711 10.15 1453.2 6.06 1623.2  4.47
1047.7 13.01 1186.3  9.89 1473.2 5.86 1623.2  4.36
10624 126 1198.6  9.65 1473.2 5.84 1682.1  4.19
1072.2 1237 12128 941 1498.2 5.53 1710.2 3.95
10778 1211 12276  9.16 1498.2 5.58 1761.2 3.63
1077.8 1212 12431 8.91 1500.2 5.84 1856.2 2.97
1078.6 12.14 1393.2 6.69 1523.2 5.23 1887.1 2.85
1082.3 12.08 1403.2 6.57 1523.2 5.29 1924.1 2.64
1093.2 11.81 14132 6.5 1548.2 5 1940.2 2.53
1103.3 1156 14132 6.43 1548.2 5.04 1993.2 2.29
11141 1132 14232 6.32 1565.2 5.21 2003.2 2.23
11239 11.11 14332 6.51 15732 485

11339 10.88  1433.2 6.25 15732  4.82

11452 10.65 1433.2 6.2 1598.2  4.66
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Table 6. Viscosity (n, in Pa-s) of Anorthite (CaAl,Si,Og) measured at different temperatures
[5,14].
T,(K) logn) T,(K) logn) T,(K) Ilogn) T,(K) logn)

1082.7 1451 11158 12.68 1179.6 9.89 2062.1 -0.24
1082.8 145 11175 12.6 1189.2 9.56 2089.1 -0.31
1093.5 13.87 112438 12.3 1193.6 9.38 2149.1  -0.46
1093.8 13.88 11248 1219 1198.8 9.21 21871  -0.55
1094.2 13.83 11309 11.92 1208.6 8.9 2233.1  -0.65
1094.7 13.82 11395 1152 1829.2 0.58 22841  -0.79
1095.9 13.75 1151 11.08  1901.2 0.29 2330.1 -0.9
1097.6 13.68 11619 10.62 1939.2 0.14 2389.1  -0.99
1104.2 13.33 1170 10.27  1972.2 0.05 24491 -1.11
1105.1  13.29 1172 10.13  2019.2 -0.1

Table 7. Viscosity (n, in Pa-s) of Diopside (CaMgSi,Og) measured at different temperatures
[5,14].
T,(K) logm) T,(K) logm) T,(K) log(n) T,(K) log(n)

960.2 1425 10099 1113 1027.7 10.13 1051.9 9.12
967.7 13.74 1010.7 111 1028.1 10.19  1052.7 9.12
969.7 13.6 1011.1 1105 1028.4 10.16 1054.2 9.06
970.6  13.55 1016 10.82  1030.2 10.1 1057.1 8.93
974 13.33 10185 10.61 10309 10.09 1813.2 -0.3989
987.2 1243 1019.1 10.64 103538 9.89 1945.2 -0.7033
992.7  12.06 1021 10.57 1041.3 9.58 2054.2 -0.9101
999.3 1171 10228 10.35 1046.7 9.36 2130.2 -1.0408
1002.8 1149 1025.8 10.3 1049.6 9.21 2204.2 -1.1572
1005.6 11.36 1026.1 10.32 1050.8 9.18 2312.2 -1.2923

Table 8. Viscosity (n, in Pa-s) of NS4 (Na,Si,Og) measured at different temperatures [6,16].)
T,(K) logm) T,(K) logm) T,(K) log(n) T,(K) Ilog(n)

703.3  14.58 760.8 11.63 823.7 9.33 1623 131
7179  13.75 774.3 11.05 828.1 9.2 1673 1.16
726.4  13.32 787.7 10.58 836 8.98 1723 1.01
727 13.29 801.4 10.08 1473 1.84
740.1  12.58 815.2 9.56 1523 1.65
7535  11.98 815.8 9.54 1573 1.47
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Table 9. Viscosity (n, in Pa-s) of Ca7611 measured at different temperatures [5,14].)
T,(K) logn) T,(K) logm) T.(K) log(m) T,(K) log(n)

1090.9 1437 11506 1212 1252.1 9.32 2156 0.9
1093.2 1427 11512 1216 12532 9.26 2200 0.73
1095.1 1418 11693 1159 1267.3 8.98 2268 0.51
11049 1338 1183.7 11.14 1798 2.46 2329 0.33
11052 13.78 11971 10.75 1865 2.13 2364 0.26
1106.8 13.68 12049 10.44 1890 1.99 2456 -0.01
11072 13.75 12131 10.23 1962 1.65
1109.3 13,58 12246  9.92 2016 1.42
1149.0 1216 12341 9.7 2085 1.15

Table 10. Viscosity (n, in Pa-s) of Ca4214 measured at different temperatures [6,17]
T,(K) logm) T,(K) logm) T,(K) log(n) T,(K) Ilog(n)

1029.2 142 1064.7 12.06 1092.1 10.64 1136.8 8.71
10294 1412 10684 11.83 10994 10.27 11449 8.4
1037.2  13.75 1072 1161 11008 10.17 1805.1 1.02
1038.2 13,55 10731 1154 11094  9.83 1813.1 0.96
1046.1 13.07 10788 11.25 11135 9.65 1933.1 0.34
1047.2 13.03 1080.7 11.17 1120.2 9.39
1049.2 12.82 10849 10.92 1120.6 9.42
10579 1236 1089.1 10.77 1129.3 9.04

Table 11. Viscosity (n, in Pa-s) of Cal244 measured at different temperatures [5,16].)
T,(K) logn) T,(K) logm) T,(K) logm) T,(K) log(n)

11029 1435 11257 12.8 1160.1  10.64 1200.6 8.7
11059 143 1133 1227 1164.1 10.4 1873 -0.41
1110.3 1398 11347 12.16 1172 10 1923 -0.59
11114 13.87 11361 12.02 1176.9 9.75 1973 -0.72
11129 13.73 11408 11.76  1181.7 9.53 2023 -0.8
11134 13.67 1146 1145 1189.9 9.2 2073 -0.85
1119.4 13.28 1153 11.05 1195.8 8.94

18


bilbyme
Text Box


Table 12. The glass transition temperature T (at 77 = 10" Pa-s), fragility index m, and fitting
parameters n (Equation 7) and p (Equation 11) providing the best fit of the corresponding

equations to the experimental data for ten oxide glasses.

Material Ty (K) m n p

GeO; 820 21.8 | 156 | 13.2
SiO; 1457 248 | 16,5 | 13.5
Albite 1085 265 | 174 | 14.2

Anorthite | 1129 53.8 | 16.8 | 135

Diopside 994 58.6 | 16.3 | 135

NS4 753 34 14.7 | 12

Ca7611 1157 375 | 16.9 | 13.6

Cad214 1065 60 15.1 | 12.1

Cal244 1137 72.7 | 16.6 | 13.3

B20Os 550 40 144 | 11.8
OTP 240 98 194 | 154
TNB 334.5 82 21.2 | 159

Table 13. Specific heat capacity (1200-1850 K) [23,24], fragility index m, fitting parameter p

(from this work) and number of escape channels Z (from Equation 23) of several liquid oxides.

Oxide CL (I mol™ K™ m p Z

SiO, 80.0+0.9 24.8 13.5 10.5
Albite 925+0.9 26.5 14.2 11.9
Anorthide 104.4 + 2.7 53.8 13.5 6.3
Diopside 89.9+3.6 58.6 135 5.0
NS4 845+0.7 34 12.0 7.2
Ca7611 915+1.2 375 13.6 8.0
Cad214 99.4+3.6 60 12.1 4.8
Cal244 1229+ 4.7 72.7 13.3 5.4
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Figure 1. The temperature dependence of viscosity of several glass-forming liquids analyzed in
this paper.
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Figure 2. The temperature dependence of viscosity for (0) Albite and (®) Diopside at Tg = 1085K
and 994K, respectively. The solid and dashed lines are tangents to the experimental curves near

T4/T = 1, which give the fragility index values m = 26.5 and 58.6, respectively.
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Figure 3. Temperature dependences of the experimental (0) and calculated (+, x) viscosity values for different oxides: (a) GeOg, (b) SiO,,
(c) Albite, (d) Anorthite, (e) Diopside, (f) NS4, (g) Ca7611, (h) Ca4214, (i) Cal244, and (j) B,Os. Calculations were conducted using
Eq. 11 (+) and Eq. 17 (x) with the fitting parameters n and p, given in the figures.
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Figure 4. Temperature dependences of the experimental (©) and calculated (+, x) viscosity values for two low-weight molecular liquids:
(@) o-Terphenyl (OTP) and (b) 1,3-bis (1-naphthyl)-5-(2-naphthyl) benzene (TNB). Calculations were conducted using Eq. 11 (+) and

Eq. 17 (x) with the fitting parameters n and p and the coefficient of determination R? given in the figures.
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Figure 5. Linear correlation between the fitting parameters n (Eg. 11) and p (Eg. 17). The

coefficient of determination of the linear fit, R? = 0.955.
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Figure 6. Comparison of calculated (n., Equation 19) and experimentally determined (n, Table

12) fitting parameter n for 12 glass-forming liquids. Two outlier points are labeled.
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